In the past, bacterial phylogeny relied almost exclusively on 16S rRNA gene sequence analysis. More recently, multilocus sequence analysis has been used to infer organismal phylogenies. In this study, the dnaJ chaperone gene was investigated as a marker for phylogeny studies in alphaproteobacteria. Preliminary analysis of G+C contents and G+C3s contents (the G+C content of the synonymous third codon position) showed no clear evidence of horizontal transfer of this gene in proteobacteria. dnaJ-based phylogenies were then analysed at three taxonomic levels: the Proteobacteria, the Alphaproteobacteria and the genus Mesorhizobium. Dendrograms based on DnaJ and 16S rRNA gene sequences revealed the same topology described previously for the Proteobacteria. These results indicate that the DnaJ phylogenetic signal is able to reproduce the accepted relationships among the five classes of the Proteobacteria. At a lower taxonomic level, using 20 alphaproteobacteria, the 16S rRNA gene-based phylogeny is distinct from the one based on DnaJ sequence analysis. Although the same clusters are generated, only the topology of the DnaJ tree is consistent with broader phylogenies from recent studies based on concatenated alignments of multiple core genes. For example, the DnaJ tree shows the two clusters within the Rhizobiales as closely related, as expected, while the 16S rRNA gene-based phylogeny shows them as distantly related. In order to evaluate the phylogenetic performance of dnaJ at the genus level, a multilocus analysis based on five housekeeping genes (atpD, gapA, gyrB, recA and rplB) was performed for ten Mesorhizobium species. In contrast to the 16S rRNA gene, the DnaJ sequence analysis generated a tree similar to the multilocus dendrogram. For identification of chickpea mesorhizobium isolates, a dnaJ nucleotide sequence-based tree was used. Despite different topologies, 16S rRNA gene-and dnaJ-based trees led to the same species identification. This study suggests that the dnaJ gene is a good phylogenetic marker, particularly for the class Alphaproteobacteria, since its phylogeny is consistent with phylogenies based on multilocus approaches.
INTRODUCTION
The phylum Proteobacteria is composed of five classes, the Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria and Epsilonproteobacteria (Garrity et al., 2005; Stackebrandt et al., 1988) . By the end of 2008, more than 380 complete genomes of proteobacteria were available in public databases (http://www. ncbi.nlm.nih.gov/genomes/lproks.cgi). Alphaproteobacteria exhibit an enormous diversity in their morphological and metabolic characteristics and the class is presently recognized solely as a clade in the 16S rRNA gene-based phylogeny (Stackebrandt et al., 1988) . Based on 16S rRNA gene trees, the Alphaproteobacteria has been divided into seven orders: Caulobacterales, Rhizobiales, Rhodobacterales, Rhodospirillales, Rickettsiales, Sphingomonadales and Parvularculales (Kersters et al., 2006) . The Alphaproteobacteria includes important bacteria that are widely studied, including, for example, the most important genera of soil bacteria able to live in symbiosis with leguminous plants (order Rhizobiales) . This interaction between plants and rhizobia leads to the formation of nodules, special structures on plant roots where biological nitrogen fixation takes place, an important process in global nutrient cycling.
Evolutionary relationships among bacteria have been estimated by 16S rRNA gene sequence comparisons, since this was originally considered to reflect, more or less, organismal phylogeny (Olsen & Woese, 1993) . More recently, it has been shown that rRNA genes may show sequence heterogeneity and undergo horizontal transfer and genetic recombination (Acinas et al., 2004) . Furthermore, because of its very high sequence conservation, the 16S rRNA gene has limited usefulness in resolving closely related species. Another disadvantage of this gene is that most bacteria harbour several copies of the 16S rRNA gene and, in some cases, different copies have different evolutionary histories. For example, the 16S rRNA gene copies of Escherichia coli are divergent (Cilia et al., 1996) . For that reason, the search for other genes able to tell an evolutionary story for bacterial species has led to the use of several housekeeping genes, including recA (Eisen, 1995) , gyrB (Yamamoto & Harayama, 1995) , rpoD (Yamamoto et al., 2000) , atpD (Gaunt et al., 2001 ) and glnA (Turner & Young, 2000) , as alternative phylogenetic markers. The 16S rRNA gene phylogeny is not always in agreement with phylogenies based on housekeeping loci (Xiao et al., 2007) . In most cases, 16S rRNA gene and housekeeping gene phylogenies are similar, but phylogenies generated from protein-coding gene sequences frequently show higher resolution and reliability than the corresponding 16S rRNA gene-based phylogeny (Thompson et al., 2004) .
Recent phylogenetic studies based on multiple protein sequences from completely sequenced genomes are believed to reveal the 'true' evolutionary history of bacteria. For example, Fukami-Kobayashi et al. (2007) showed a tree of life comprising 167 organisms belonging to the Archaea, Bacteria and Eukarya, based on domain organization of all proteins encoded in each species genome; Ciccarelli et al. (2006) showed a global phylogeny comprising 191 species (Archaea, Bacteria and Eukarya) based on 31 universal proteins. Gupta & Sneath (2007) studied just proteobacteria, using the amino acid sequences of 10 protein-coding genes. A larger number of proteins (648) was used by Young et al. (2006) to generate a phylogeny that shows the relationship of Rhizobium leguminosarum and its close relatives with completely sequenced genomes. These studies indicate that a large amount of core gene sequence information produces strongly supported and more resolved phylogenies, frequently in disagreement with 16S rRNA gene-based phylogenies. Single gene-based phylogenies may now be validated by comparison with presumed organismal phylogeny obtained from multigenic approaches.
Genes coding for molecular chaperones have been used as alternative phylogenetic markers. The most commonly used are groEL (Baldo et al., 2006) and dnaK (Vitorino et al., 2007) . Chaperones are known for their role as folding modulators, in sequestering and stabilizing a wide range of polypeptides when the wrong conformational structure is presented (Frydman, 2001) . Under standard growth conditions, most of these proteins are expressed constitutively, because they are essential in the folding of nascent polypeptide chains. The bacterial DnaK/J system is a widely studied example of such chaperones.
The DnaJ protein has several domains: the highly conserved J domain (N-terminal), the G/F-rich domain, a conserved region of four repeats with the consensus sequence CxxCxGxG, and a non-conserved C-terminal region of variable length (for review see Siegenthaler et al., 2004) . In most genomes, dnaK is a single copy gene, often found in the same operon as dnaJ. In Escherichia coli (Gammaproteobacteria), the dnaK operon is bicistronic, comprising the dnaK (1917 bp) and dnaJ (1131 bp) genes (Saito & Uchida, 1978) . The dnaJ gene is sometimes found in more than one copy, as in the high-G+C-content Gram-positive actinobacteria. It has been reported that these different copies may have different physiological functions and distinct evolutionary paths (Ventura et al., 2005) .
Its high degree of sequence conservation, functional preservation and universal distribution among bacteria are key features that make the dnaJ gene suitable for inferring phylogenetic relationships. dnaJ has already been used successfully for discrimination of species and subspecies, even within genera in which the 16S rRNA gene has insufficient resolution, as in pathogenic bacteria such as Mycobacterium (Morita et al., 2004) , Streptococcus (Itoh et al., 2006) and more recently Staphylococcus and Vibrio . To our knowledge, only one study has reported the use of dnaJ as a phylogenetic marker within the Proteobacteria, with the aim of discriminating Legionella pneumophila serogroups (Liu et al., 2003) .
Our aim was to find a single core gene with a phylogenetic signal that resembled multilocus phylogenies at higher taxonomic levels (Proteobacteria and Alphaproteobacteria) and with a good phylogenetic signal at a lower taxonomic level, namely for the genus Mesorhizobium. We analysed the phylogenetic signal of the dnaJ gene from 19 proteobacteria of all five classes and then from 20 alphaproteobacteria and compared it with the 16S rRNA gene-based phylogeny, as well as with phylogenies from other studies based on multiple proteins. We also used the dnaJ gene to infer the phylogeny of isolates and type strains within the genus Mesorhizobium (Alphaproteobacteria). The dnaJ-based phylogeny was, in this case, compared to that of five concatenated genes (atpD-gapA-gyrB-recA-rplB) and 16S rRNA gene-based phylogenies.
METHODS
Bacterial strains and growth conditions. Rhizobial isolates nodulating chickpea were obtained from two soil samples collected in Portugal using trap plants (Somasegaran & Hoben, 1994) . Five isolates were selected for further study: C-1-Coimbra, C-27b-Coimbra, V-15b-Viseu, V-18-Viseu and V-20-Viseu. Four additional isolates obtained previously and identified by 16S rRNA gene analysis (Laranjo et al., 2001 (Laranjo et al., , 2002 (Laranjo et al., , 2004 were used.
A. Alexandre and others PCR amplifications and sequencing. Bacterial genomes frequently harbour more than one gene annotated as dnaJ. To prevent amplification of multiple copies in the same strain and of different copies in different species, a forward primer in the dnaK gene (see Supplementary Table S1 , available in IJSEM Online) was used for PCR amplification (dnaK is a single-copy gene, with very few exceptions), guaranteeing that the target sequence is the dnaJ copy found in the dnaK/J operon. dnaJ amplification by PCR was performed for nine chickpea rhizobia isolates and ten Mesorhizobium type strains. Primers dnaK-F and dnaJ-R were used for PCR amplification. The 16S rRNA gene was amplified by PCR according to Laranjo et al. (2004) . The atpD gene, which codes for ATP synthase subunit b, was amplified using primers atpD-F and atpD-R (Gaunt et al., 2001 ). The gapA gene, which codes for glyceraldehyde-3-phosphate dehydrogenase, was amplified using primers gap-for and gap-rev. The gyrB gene, which codes for DNA gyrase subunit b, was amplified using primers gyrBfor_new and gyrBrev_new. The recA gene, which codes for DNA recombinase A, was amplified using primers recA-F and recA-R (Gaunt et al., 2001 ). The rplB gene, which codes for the 50S ribosomal protein L2 involved in translation, was amplified using primers L2-for and L2-rev. Primer details are given in Supplementary Table S1 .
Total DNA was extracted as described previously (Rivas et al., 2001) . All PCR mixtures except that for amplification of the recA gene contained 1 U FideliTaq DNA polymerase (USB), 16 reaction buffer (with 1.5 mM MgCl 2 ), 0.2 mM of each dNTP (Invitrogen), 5 % DMSO (Duchefa), 15-25 pmol of each primer and 7-10 ml DNA. recA PCRs were prepared with 2 U Taq DNA polymerase (Fermentas), 16 reaction buffer, 1.5 mM MgCl 2 , 0.2 mM of each dNTP (Invitrogen), 0.004 % BSA (Promega), 25 pmol of each primer and 3 ml DNA. Amplification conditions are outlined in Supplementary Table S1. PCR products were purified using a GFX PCR DNA and gel band purification kit (GE Healthcare) or ExoSAP-It (USB) following the manufacturers' instructions. Sequencing reactions were performed by Macrogen (Korea). For 16S rRNA gene sequencing, two extra primers, IntF and IntR, were used as internal primers for doublestranded sequencing (Laranjo et al., 2004) . For dnaJ sequencing, a forward primer located in the 59-end of the dnaJ gene was used (dnaJ-F; 59-GCTGGGCGTGCAAAAGGG-39) together with the primer dnaJ-R. For the remaining genes, the sequencing primers were those used for PCR amplification.
Data analysis. Sequences generated in this study were edited using BioEdit 7.0.5.3 (Hall, 1999) and aligned using CLUSTAL W (Thompson et al., 1994) . The sequences were checked manually for correct alignment. Gene sequences from completely sequenced genomes were retrieved from the NCBI complete microbial genomes database.
In order to detect possible events of horizontal gene transfer (HGT) of the dnaJ gene, the G+C content and codon usage frequency were analysed for all proteobacteria included in the study (Eisen, 2000) . G+C content data for the chromosome were retrieved from the NCBI database. G+C contents of individual genes were calculated using BioEdit 7.0.5.3 (Hall, 1999) . In addition, the G+C content of the synonymous third codon position (G+C3s) was also calculated for the chromosome and the dnaJ gene using CodonW (Peden, 2000) . Codon usage frequency analysis of the dnaJ gene was performed with Graphical Codon Usage Analyser 2.0 (http://gcua.schoedl.de/), using the codon usage table of each species available at the Codon Usage Database (http://www.kazusa.or.jp/codon/). Molecular phylogeny was reconstructed using PHYLIP version 3.67 (Felsenstein, 2006) by the maximum-likelihood (ML) method. Neighbour-joining (NJ) (Saitou & Nei, 1987) phylogenies were generated using MEGA4 (Tamura et al., 2007) . Evolutionary distances were calculated by Kimura's two-parameter model for nucleotide sequence alignments (Kimura, 1980) whereas, for amino acid sequence alignments, the Poisson correction (Nei & Kumar, 2000) was applied.
For a multilocus approach to the mesorhizobia phylogeny, five protein-coding genes were chosen: atpD, gapA, gyrB, recA and rplB. The incongruence length difference (ILD) test (Bull et al., 1993; Cunningham, 1997) was performed to check whether trees for the different genes were sufficiently similar to allow data combination. The ILD test was performed using PAUP*4.0 (Swofford, 2003) .
RESULTS AND DISCUSSION
In the phylogenetic studies at higher taxonomic levels, sequences from 19 proteobacteria representing all five classes of the Proteobacteria were used. For further phylogenetic analysis of alphaproteobacteria, 20 strains, from all orders except the Parvularculales, were selected. Finally, at a lower taxonomic level, ten type strains and nine isolates from the genus Mesorhizobium were used. Bacterial strains used in this study are listed in Table 1 .
In all proteobacteria used in the present study, the dnaJ gene was found to be encoded adjacent to dnaK, except in epsilonproteobacteria, for which no dnaK/J operon was found among the 11 completely sequenced genomes. In the chromosome of each of the proteobacteria used, only one dnaJ gene copy was found that had the expected size and included the four characteristic domains. Other orthologues annotated as dnaJ, often dispersed in the chromosome, were found to lack at least one of the characteristic dnaJ domains. In two species (Ensifer meliloti and Rhizobium etli), a dnaJ homologue was found to be encoded on a plasmid; however, these homologues were partial dnaJ sequences.
Prior to the use of dnaJ as a phylogenetic marker, analysis of G+C content and codon usage frequency was performed, in order to detect possible HGT events that would compromise the phylogenetic analysis. The G+C content of the dnaJ gene was compared with the G+C content of the entire chromosome for the alphaproteobacteria (see Supplementary Fig. S1a , available in IJSEM Online) and other proteobacteria used in this study (data not shown). dnaJ G+C contents are similar to those of the chromosome, while the 16S rRNA gene G+C content shows little variation across species (ranging from 50 to 57 mol%), regardless of the G+C content of the chromosome (ranging from 29 to 69 mol%). For example, in Rickettsia prowazekii, the 16S rRNA gene G+C content (51 mol%) is clearly higher than that of the chromosome (29 mol%), whereas the G+C content of the dnaJ gene (36 mol%) is closer to the chromosomal value. Core genes, such as recA or dnaK, present a G+C content similar to that of the whole chromosome. No evidence of HGT events was provided by this analysis for the alphaproteobacteria or the other proteobacteria used (data not shown). Nevertheless, the possibility of dnaJ HGT occurring between organisms with similar G+C contents cannot be excluded. In order to detect dnaJ recently acquired by HGT, the G+C3s content was also analysed (Sharp et al., 2005) . The G+C3s of the chromosome shows the average G+C3s of the chromosomal protein-coding genes. Highly expressed genes display higher codon biases than the average, as is the case for genes coding for some chaperones, such as dnaK (Karlin et al., 2004) . A gene with a G+C3s content significantly different from the average of the chromosome and from that of highly expressed genes is probably a recently acquired gene (Karlin et al., 2004) . In the alphaproteobacteria ( Supplementary Fig. S1b ), the dnaJ gene has, in most cases, a G+C3s content between that of the chromosome and that of dnaK (a highly expressed gene). The only two species that show a G+C3s for dnaJ clearly below the average of the chromosome genes are Agrobacterium tumefaciens and Roseobacter denitrificans. Therefore, dnaJ from these two species could have been acquired by HGT. For the remaining proteobacteria (data not shown), the G+C3s values for dnaJ are often very similar to those of the corresponding chromosome and, in some cases, similar to the value for dnaK (for example, in Burkholderia ambifaria), so no evidence was found for HGT of the dnaJ gene.
Another approach to look for evidence of HGT is to compare the codon usage In general, our analysis of G+C and G+C3s contents suggests that dnaJ is a core gene and is not commonly subject to HGT between species. These features are important in a good phylogenetic marker, so we used it for phylogenetic analysis of members of the Proteobacteria, Alphaproteobacteria and Mesorhizobium.
Phylogenetic analyses were performed using both the ML and NJ methods. In general, the two methods generated trees with the same topology.
The Proteobacteria
The Proteobacteria were represented in this study by 19 strains with completely sequenced genomes. The topology of the proteobacterial maximum-likelihood tree obtained with DnaJ amino acid sequences (Fig. 1a) is identical to that based on 16S rRNA gene sequences (Fig. 1b) . The five classes of the Proteobacteria are well defined and their branching order is the same in both trees: the Betaproteobacteria is closer to the Gammaproteobacteria, and these two classes group first with the Alphaproteobacteria, then with the Deltaproteobacteria and finally with the Epsilonproteobacteria.
The branching order of all classes of the Proteobacteria, in both DnaJ and 16S rRNA gene phylogenies (Fig. 1) , is in agreement with several recent studies that combine data from a large number of protein-coding genes, although Trees were generated by ML. The first bootstrap percentage indicated on internal branches corresponds to the ML method (100 replicates) and the second to the NJ method (1000 replicates); dots indicate that nodes were not resolved using that method. Bars, 0.1 substitutions per site (ML).
A. Alexandre and others some different species were used (Ciccarelli et al., 2006; Fukami-Kobayashi et al., 2007; Gupta & Sneath, 2007) . It is noteworthy that some of these broader phylogenies showed that the Deltaproteobacteria and Epsilonproteobacteria may form one group, apart from the remaining classes of the Proteobacteria (Ciccarelli et al., 2006; Fukami-Kobayashi et al., 2007; Gupta, 2000) .
Although the same branching order of classes of the Proteobacteria is generated in both phylogenies, the relationships between species within each cluster are different in a few cases. For example, relationships among the gammaproteobacteria Aeromonas hydrophila, Vibrio cholerae and Escherichia coli in the 16S rRNA gene-based tree are consistent with the phylogeny shown in a previous study using 31 concatenated protein sequences and comprising a large group of gammaproteobacteria (Seshadri et al., 2006) , but the DnaJ tree shows a different relationship.
Despite such minor discrepancies, the global congruence found between the 16S rRNA gene and the DnaJ phylogeny and the agreement with other phylogenies based on multilocus data indicate a good performance of dnaJ in reconstructing proteobacteria phylogeny.
The Alphaproteobacteria
To study the phylogenetic signal of the dnaJ gene at a lower taxonomic level, 20 strains belonging to the Alphaproteobacteria with completely sequenced genomes were used. In contrast to the 16S rRNA gene phylogeny (Fig. 2b) , the phylogeny based on DnaJ sequences (Fig. 2a ) is in agreement with the currently accepted relationships among genera and species within this group of bacteria obtained in other studies based on large amounts of sequence information (Ciccarelli et al., 2006; Gupta, 2005; Gupta & Sneath, 2007) .
Both the DnaJ and 16S rRNA gene phylogenies (Fig. 2) show Rhodospirillum rubrum, Gluconobacter oxydans and Granulibacter bethesdensis (cluster A) and Rickettsia prowazekii in a distant position from the other clusters (the letters denote the clusters generated in the DnaJ phylogeny). However, clusters B, C, D and E are differently related in the two phylogenies. In the DnaJ phylogeny, cluster B (Agrobacterium tumefaciens, Brucella suis, Ensifer meliloti, Mesorhizobium loti, Rhizobium etli and Rhizobium leguminosarum) is closely related to cluster C (Bradyrhizobium japonicum, Nitrobacter winogradskyi and Rhodopseudomonas palustris) and then these clusters group first with cluster D (Caulobacter crescentus, Erythrobacter litoralis, Maricaulis maris and Novosphingobium aromaticivorans) and finally with cluster E (Rhodobacter sphaeroides, Roseobacter denitrificans and Silicibacter pomeroyi). In contrast to the DnaJ-based phylogeny, the 16S rRNA gene phylogeny shows cluster B closer to cluster E, then these two clusters group with two species of cluster D and finally with cluster C. Furthermore, in the 16S rRNA gene phylogeny, cluster D from the DnaJ phylogeny is dissolved and Maricaulis maris groups with cluster E while Caulobacter crescentus groups with cluster C species.
The relationships among different species inferred from DnaJ sequence comparisons are consistent with those inferred in previous studies, namely the phylogeny based on concatenated sequences of 10 proteins (Gupta & Sneath, 2007) and the tree of life generated from the concatenated alignment of 31 universal protein families (Ciccarelli et al., 2006) . In the DnaJ-based phylogeny, all members of the Rhizobiales cluster together (branch B+C), thus Bradyrhizobium japonicum (cluster C) is closer to Fig. 2 . Phylogeny of 20 members of the Alphaproteobacteria, based on analysis of the DnaJ amino acid sequence (a) and the 16S rRNA gene sequence (b). Trees were generated by ML. Two species of the Epsilonproteobacteria were used as an outgroup. The first bootstrap percentage indicated on internal branches corresponds to the ML method (100 replicates) and the second to the NJ method (1000 replicates); dots indicate that nodes were not resolved using that method. Bar, 0.1 substitutions per site (ML). Letters denote clusters generated in the DnaJ phylogeny.
dnaJ, a phylogenetic marker for alphaproteobacteria Mesorhizobium loti (cluster B) than to Caulobacter crescentus (Caulobacterales in cluster D), as reported before (Ciccarelli et al., 2006; Gupta & Sneath, 2007) . In contrast, the 16S rRNA gene-based phylogeny shows Bradyrhizobium japonicum (cluster C) close to Caulobacter crescentus (cluster D) and distant from Mesorhizobium loti (cluster B). Moreover, within cluster B, the DnaJ-based phylogeny shows Ensifer meliloti closer to Agrobacterium tumefaciens and Mesorhizobium loti closer to Brucella suis, which is in full agreement with the phylogeny proposed by Young et al. (2006) based on the concatenated sequences of 638 proteins (the present study uses Brucella suis rather than Brucella melitensis) and with the multilocus tree of life presented by Ciccarelli et al. (2006) , and not concordant with the 16S rRNA gene phylogeny. Therefore, the possible HGT origin of dnaJ from Agrobacterium tumefaciens (cluster B) suggested by the G+C content analysis was not confirmed.
The coherence between our results using dnaJ and those from broader phylogenies using multiple protein-coding genes (Ciccarelli et al., 2006; Gupta & Sneath, 2007) shows that dnaJ has a better phylogenetic signal than the 16S rRNA gene in reconstructing the phylogeny of alphaproteobacteria.
The genus Mesorhizobium
The high level of sequence conservation of the 16S rRNA gene represents a limitation on the use of this gene for closely related bacteria. In the genus Mesorhizobium, other genes have been used for phylogenetic purposes, such as dnaK (Stepkowski et al., 2003) , atpD and recA (Vinuesa et al., 2005) . The non-coding 16S-23S rRNA intergenic spacer (ITS) has also been used (Rivas et al., 2007) . Relationships between mesorhizobial species are different depending on the gene used. Due to this unclear positioning and to the lack of a multilocus analysis focusing on mesorhizobia, there is no generally accepted phylogeny of this genus.
In order to obtain a reliable phylogenetic tree for the genus Mesorhizobium that could be compared to the dnaJ-and 16S rRNA gene-based phylogenies, five core genes (atpD, gapA, gyrB, recA and rplB) from ten mesorhizobia type strains were partially sequenced. The ILD test was applied to find out which genes could be combined, and the results allow the concatenation of the amino acid sequences of all genes. The ML tree based on the concatenated alignment of the five genes (approx. 770 amino acids long), shown in Fig. 3(a) , reveals the putative organismal phylogeny among Mesorhizobium species. Both the DnaJ tree ( Fig. 3b) and the 16S rRNA gene tree (Fig. 3c) were compared with the hypothetical organismal phylogeny to evaluate the accuracy of the phylogenetic signal of each single gene.
The 16S rRNA gene tree shows a different topology from the multilocus tree. According to the multilocus analysis, Mesorhizobium huakuii groups with Mesorhizobium ciceri and Mesorhizobium loti in the deeper branching of the dendrogram. In contrast to this, the 16S rRNA gene-based phylogeny shows Mesorhizobium ciceri and Mesorhizobium Fig. 3 . Phylogeny based on the concatenated amino acid sequence alignment of AtpD-GapA-GyrB-RecA-RplB (a), the DnaJ sequence (b) and the 16S rRNA gene sequence (c) for the genus Mesorhizobium. Trees were generated by ML. The first bootstrap percentage indicated on internal branches corresponds to the ML method (100 replicates) and the second to the NJ method (1000 replicates); dots indicate that nodes were not resolved using that method. Bars, 0.1 substitutions per site (ML).
A. Alexandre and others loti apart from the remaining eight mesorhizobia type strains. The concatenated tree shows Mesorhizobium chacoense and Mesorhizobium plurifarium as the most divergent species. The only two groups generated in both trees are Mesorhizobium mediterraneum/Mesorhizobium temperatum/Mesorhizobium tianshanense and Mesorhizobium amorphae/Mesorhizobium septentrionale. Among the single-gene trees, the DnaJ (Fig. 3b) and GyrB (data not shown) trees show the topologies most consistent with that of the multilocus analysis, although they have some low bootstrap values. The similarity between the DnaJ-based tree and the putative Mesorhizobium phylogeny derived from the multilocus analysis suggests that this gene is not commonly subject to HGT between Mesorhizobium species.
The present multilocus phylogenetic analysis may contribute to the clarification of the phylogenetic relationships among Mesorhizobium species, namely the proximity of Mesorhizobium ciceri, Mesorhizobium loti and Mesorhizobium huakuii. Interestingly, analysis of phenotypic data from a large set of chickpea mesorhizobia isolates also supported a closer relationship between Mesorhizobium loti/Mesorhizobium ciceri and Mesorhizobium huakuii isolates (Alexandre et al., 2006) .
In order to evaluate the suitability of dnaJ sequences for identifying native chickpea rhizobia isolates, a dnaJ-based tree including nine isolates was generated ( Supplementary  Fig. S2) . At this taxonomic level, nucleotide sequences were used, since the amino acid sequence-based tree showed low resolution and low bootstrap support (data not shown). Although the relative positioning of some type strains was different from the concatenated tree (Fig. 3a) and the 16S rRNA gene-based tree (Fig. 3c) , identification of isolates based on dnaJ sequences is consistent with identification based on the 16S rRNA gene (Laranjo et al., 2004) . The present phylogenetic analysis of native rhizobia reveals a high diversity of species able to nodulate chickpea, namely isolates close to Mesorhizobium ciceri, Mesorhizobium huakuii, Mesorhizobium loti, Mesorhizobium mediterraneum, Mesorhizobium temperatum and Mesorhizobium tianshanense, confirming previous analyses of chickpea mesorhizobia (Laranjo et al., 2004; Rivas et al., 2007) .
For decades, the 16S rRNA gene has been the most ubiquitous gene used for accessing bacterial phylogeny, but this has been changing. Many other core genes are now used as phylogenetic markers in order to infer species phylogeny and evolution. Bacterial dnaJ is a core gene, as confirmed by its chromosomal location and a G+C content similar to that of the chromosome. This gene is present as a single 'true' copy, usually in the same operon as dnaK, which allows its specific amplification by PCR. No evidence that dnaJ had been subject to a HGT event was found in the proteobacteria that were examined, and the phylogenetic signal of this gene was consistent with studies based on multiple protein sequences. In contrast to 16S rRNA gene trees, the alphaproteobacterial DnaJ phylogenetic tree showed a global topology that resembled the presumed organismal phylogeny inferred from multiple protein sequences from complete genomes. For these reasons, we suggest that a single core gene, such as dnaJ, can be used as a phylogenetic marker for proteobacteria at the level of phylum (Proteobacteria) and class (Alphaproteobacteria). At the level of the genus Mesorhizobium, the dnaJ gene can be used for identification of isolates. This study highlights the usefulness of the dnaJ gene as a single alternative phylogenetic marker for alphaproteobacteria.
